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An objective of this thesis was to determine the possibilities 
of improving the mechanical properties of production rolled A-441 
steel plate by applications of several thermomechanical treatments. 
A-441, a triple alloy addition high strength low alloy steel, was 
selected as the experimental material to be investigated since no work 
involving controlled rolling has been reported for this alloy and since 
the triple alloy additions might be expected to produce unusual res-
ponses. The experimental fabrication program involved rolling samples 
of production mill processed and initially cold worked A-441 plate at 
temperatures selected to span pertinent portions of the iron - iron 
carbide metastable binary equilibrium phase diagram. 
A unique combination of properties resulted when fabrication 
was accomplished just above the A line. Austenite would be expected 
to be strain hardened with resulting improvements in room temperature 
properties after metallurgical transformations. Processing at the 
indicated temperature resulted in unusually low Charpy V-notch ductile-
brittle transition temperatures and improved values of yield strength, 
ultimate tensile strength, and ductility, as compared with values ob-
tained from specimens prepared from mill processed A-441. It was con-
cluded that HTTMT was an unusually effective thermomechanical treatment 
for A-441 and PTMT was not. 
Fabrication at temperatures above 1400°F resulted in property 
variations controlled by ferrite grain size, and the well known 
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Hall-Petch relationship was applicable. Fabrication below 1400 F 
introduced cold work effects, possibly complicated by strain aging, 
and resulted in partially oriented ferrite grain structures. Fabri-
cation at 1400 F, just above the A line, resulted in a unique micro-
structure involving small and equiaxed ferrite grains and small and 
well dispersed patches of pearlite. The microstructure so obtained 
is very desirable. 
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are "hot worked." For the steels considered,, such a temperature range 
is well into the single phase austenitic region. Steels of a given com-
position or designation produced by a given combination of processes 
will then be represented by a given set of mechanical properties which 
will show but little variation of properties from heat to heat, so the 
design engineer then has available a "standard" set of properties for 
each structural steel, 
The problem with which this thesis is concerned was to experiment 
tally determine if there is a preferable fabrication temperature or range 
of temperatures to given an optimum combination of mechanical properties, 
instead of the "standard" properties produced by common hot working pro-
cedures as mentioned in the last paragraph. 
The properties to be considered in the thesis included yield 
strength, ultimate tensile strength, uniform elongation, percent reduc-
tion of area, percent elongation, strain hardening exponent, strength 
coefficient, all as determined from room temperature tensile tests, and 
ductile-brittle transition temperatures as established by V-notch Charpy 
testing. Tensile and Charpy characteristics were to be determined for 
each sample involved in an experimental fabrication program, and the 
effects of changes of fabrication variables on microstructures were to 
be determined by utilization of available means. 
It was decided that the steel to be studied would be one of the 
HSLA compositions. A triple low alloy grade, designated by the producer 
as Republic A-441, was selected; this steel contains low level alloy 
additions of manganese, vanadium, and copper. Other structural steels, 
including one single low alloy grade (X-52) and one double low alloy 
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grade (X-60), were simultaneously being investigated in other related 
research programs. 
A most important part of the thesis involved an experimental 
fabrication program that could not be accomplished in Georgia Institute 
of Technology facilities; the fabrication program was made possible by 
the extensive cooperation of acknowledged personnel of the Republic 
Steel Research Center in Cleveland, Ohio. It was desired that Republic 
A-441 in two different initial conditions (mill finished and cold 
worked) be fabricated at several temperatures within the single phase 
austenitic region (above the A~ line), at temperatures within the criti-
cal region (two phase austenite-ferrite range, between the A and A 
lines), and at several temperatures within the two phase ferrite-
cementite range, below the eutectoid temperature. The specific tempera-
tures and reductions to be used for experimental fabrication were speci-
fied by the author and his advisor, on the basis of experience and 
theory, but had to be compatible with the capabilities of the Republic 
Steel research fabrication facilities. 
High Strength, Low Alloy Steels 
General Considerations 
A compilation of commercially available HSLA steels, both be com-
position and by manufacturer, has been made by the American Society for 
Metals [l] . In this compilation the HSLA steels are classified into 
three groups. The first is referred to as the "columbium or vanadium" 
group, and a characteristic is columbium or vanadium additions in excess 
of 0.01 w/o; another characteristic is relatively high manganese content, 
in the range from 0.7 to 1.7 w/o depending on the specific steel being 
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considered, which is somewhat in excess of the manganese content (0,3 
to 0.5 w/o) of plain carbon steels of the same carbon content. The 
second group, "manganese and manganese-copper HSLA steels," conforms to 
ASTM A440 and SAE 950C. Composition ranges include 0.19 - 0.28 w/o C, 
1.10 - 1.60 w/o Mn, and a minimum of 0.2 w/o Cu. The third classifica-
tion of HSLA steels is referred to as the "manganese-vanadium-copper 
group," and a representative analysis includes 0.22 w/o Cu, 1.25 w/o Mn, 
0.3 w/o Si, 0.20 w/o Cu, and 0.02 w/o V. The steel selected for 
study in this thesis falls within this third grouping. 
With the commercial introduction of HSLA steels it has been recog-
nized that the properties of hot rolled carbon steels are considerably 
* 
modified or altered by those small alloy additions which promote [2,3,4]: 
1. Increased hardenability to form finer and there-
fore stronger ferritic-pearlitic structures. In 
this sense hardenability does not refer to 
martensite or bainite formation. 
2. Increased ferrite strength. 
3. Improved corrosion resistance. 
4. A precipitation hardening capability. 
The presence in steel of common alloying elements such as carbon, 
nitrogen, manganese, silicon, nickel, chromium, molybdenum, copper, 
columbium, and vanadium in solid solution in the austenite phase results 
in a significant increased in hardenability; note that the term "harden-
ability" as here used refers to the general phenomena of retardation of 
Numbers in [ ] refer to references listed in the Bibliography. 
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the transformation of austenite. When this retardation occurs during 
continuous cooling the formation temperature of ferrite is thus lowered 
and there is then a decrease of ferrite grain size; the proportion or 
volume percent of ferrite is also decreased, resulting in an increase 
of pearlite. Most alloying elements also strengthen ferrite steels by 
substitutional solid solution hardening mechanisms. Phosphorus is a 
most potent solution strengthening addition and is used judiciously in 
several steels. Copper is also widely used as a strengthening addition, 
and manganese and nickel additions improve toughness in addition to rais-
ing strength. 
Specific alloy additions to HSLA steels are also able to notice-
ably improve atmospheric corrosion resistance. Chromium, copper, phos-
phorus, silicon, and nickel are considered to be the most beneficial 
additions [5] . As little as 0.2 w/o Cu is sufficient to double the 
atmospheric corrosion resistance of carbon steels, but the increasing 
of Cu concentration beyond this level is less effective. Thus, in addi-
tion to higher strength levels, several hot rolled HSLA steels have 
sufficiently improved corrosion resistance to noticeably prolong paint 
life, and the steels are actually often used in the unpainted condition 
in many structures. 
It is generally true that the levels of alloy additions that can 
be made to improve the strength of HSLA steels are limited by weldability 
considerations. Since structural steels are often welded, there has 
been a concentrated search for those alloy additions which would be 
particularly potent strengtheners at low concentration levels, and great 
attention has been given to the precipitation hardening additives, 
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particularly columbium and vanadium. 
Columbium has been found to be a very useful strengthening agent 
for the very practical reason that it can be added to the large number 
of semikilled steels that provide maximum columbium yield from the ingot: 
the affinity of columbium for oxygen is sufficiently low that about 
90 w/o can be recovered from ladle additions to killed or semikilled 
steels. However, the recovery in rimmed steels is quite low, from 15 
to 50 w/o, and with increasing additions the recovery decreases so 
sharply that it is indeed difficult to reach a level of 0.02 w/o Cb in 
rimmed steels [6] . 
Several major modifications in the behavior of steels are caused 
by alloying at low levels with columbium, since even at low concentra-
tion levels there is the possibility of compound formation with result-
ing hardening effects. Columbium carbide and nitride have complete 
solid solubility so that the compound found in commercial columbium con-
taining HSLA steels is referred to as a carbonitride. It has been 
shown [7,8] that with a steel containing 0.2 w/o C, 0.1 w/o N, and 0.03 
w/o Cb that a temperature of 2100°F is necessary to place the columbium 
carbonitrides in solid solution; normal soaking pit practice, at or 
above 2300 F, should insure solution of the columbium carbonitrides, 
With HSLA steels it appears to be well documented that there are four 
principle effects introduced by the presence of columbium. 
One important effect of columbium additions is that the recrystal-
lization temperature of austenite is raised, and the rate of austenite 
recrystallization is retarded. Effects on the recrystallization kinetics 
are due to the fact that columbium carbonitride can be formed in 
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with columbium or vanadium. 
The technical literature dealing with HSLA steels and the various 
columbium and vanadium effects in steel has become extensive and volumi-
nous. An excellent review article which traces the development of HSLA 
structural steels has recently been published by Irving [16], and the 
entire volume which contains this paper has a wealth of technical infor-
mation regarding applications of HSLA steels and the commercial produc-
tion and fabrication procedures utilized with these steels. In addition 
to the papers which were previously mentioned, the research papers of 
Stephenson, Karchner, and Stark [17] dealing with strengthening mech-
anisms in Mn-V-N steels and of W. B. Morrison [18] dealing with the 
influence of small columbium additions on the properties of various 
carbon-manganese containing steels are regarded as technical milestones. 
Republic A-441 
As previously mentioned, Republic A-441 is a triple low alloy 
grade of HSLA steel containing manganese, vanadium, and copper, and it 
is considered to have outstanding features as regards a combination of 
strength and toughness. Advertising literature [19] values of mechan-
ical properties include 50,000 psi yield point minimum, 70,000 psi 
ultimate tensile strength minimum, and 227„ tensile elongation in. a 
two inch gage length. The 15 ft. lb. Charpy V-notch transition tempera-
ture is given as 0 F. Welding characteristics are considered to be 
excellent by the usual methods such as manual, arc, semi- and full auto-
matic, resistance, and gas welding. Republic A-441 meets or exceeds 
specifications given by ASTM A441 and A242 for plates, structurals, and 
bars, and ASTM A374 and A375 for sheet. The steel is widely used in 
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bridges, buildings, and construction equipment, and is available as hot 
rolled sheet, hot dip galvanized sheet, hot rolled strip, hot rolled 
plate, hot rolled bar and bar shapes, and hot rolled structural shapes. 
Tensile strengths and yield points will be reduced by 5,000 psi by 
annealing or normalizing the hot rolled sheet. 
Property, Microstructure, and Composition Interrelations 
Ferrite Grain Size 
It is now an established fact that variations of grain size will 
greatly influence the values of many mechanical properties, for a given 
alloy, if grain size is the only variable which is altered from sample 
to sample. For example, room temerpature evaluations have shown that 
hardness, yield strength, ultimate tensile strength, fatigue strength, 
and impact resistance all increase with decreasing grain size. The 
effect of grain size is no doubt a maximum when dealing with those 
characteristics which are of importance in the early stages of deforma-
tion in the plastic range, for it is at this stage of flow that grain 
boundary barriers to dislocation motion are most effective. Thus, it 
would be expected that yield strength would be more dependent on grain 
size than would ultimate tensile strength. For plastic deformation at 
relatively large strains the value of the flow stress would be chiefly 
controlled by complex dislocation interactions taking place within the 
grains, and then grain size would not be the controlling variable for 
mechanical properties. 
A well respected and quite often utilized relationship between 
yield strength, a , and a measure of grain size, as the grain diameter 
d, is one derived from considerations of basic dislocation theory by 
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Hall [2l] and Petch [22]. The relationship is so well known and so well 
documented that it is commonly referred to as the Hall-Petch equation, 
which is as follows: 
a = cr„ + K d"% (1) 
y 1 y 
It is obvious that this relationship would result in linearity if the 
yield strength, cr , would be plotted as the ordinate against the recip-
-h rocal of square root grain diameter (d ) as the abscissa. The friction 
stress, cr., is that which opposes the motion of dislocations, while K 
is a measure of the extent to which dislocations are piled up at a 
barrier, as against a grain boundary. The strength coefficient, K , 
which has been found to be essentially independent of temperature, would 
be evaluated from the slope of the mentioned plot. The value of the 
intercept on the plot, & . } is a measure of the stress required to drive 
a dislocation against the resistance offered by impurities, precipitate 
particles, subgrain boundaries, the Peierls-Nabarro force, and other 
obstacles to dislocation motion. Composition, metallurgical condition, 
and temperature determine the value of the friction stress term. The 
Peierls-Nabarro force is also temperature dependent, and other resis-
tances to the dislocation motion are influenced by both temperature and 
composition, thus indicating the necessity of applying Equation 1 only 
for a given metal with samples in identical condition except for grain 
size. The Hall-Petch relationship was initially proposed after consid-
erations of the yield point behavior of low carbon steels, but it has 
now been applied to a very wide variety of steels and many nonferrous 
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alloys. It has been estimated in a recent article that the Hall-Petch 
equation has now been verified for over 60 cases. Of course, values 
of a^ and of K vary from alloy to alloy, and from metallurgical condi-
tion to condition for a specific alloy. 
Many of the alloy additions which are made to low carbon steels 
result in some solid solution strengthening of the ferrite and thereby 
raise values of the lattice friction stress c^, At the same time, these 
alloys may result in the austenite-ferrite transformation being altered 
to lower temperatures, thus producing a refinement in ferrite grain 
size. Both of the effects here mentioned will raise the yield strength 
of such steels as dictated by the Hall-Petch equation. When effects of 
the type mentioned in this paragraph are the only ones of importance for 
the steels being considered, quantitative metallographic procedures and 
multiple regression analyses done with computers have allowed the two 
simple metallurgical effects to be separated, and it is then possible 
to express the Hall-Petch relationship in terms of chemical composition, 
in the general form: 
N 
ay = C l + C 2 d ' % + I ai ( 2 ) 
i = l 
a. is the strength increase, in the units of psi for example, per weight 
percent of alloy in solid solution in the ferrite. The summation is 
taken over the N alloy additions which are in solution in the ferrite. 
Note that relationships of the form of Equations 1 and 2 take no 
account of cold work, aging, precipitation effects, or the other compli-
cated metallurgical phenomena which may be expected to influence values 
of the friction stressc. : this fact cannot be overemphasized, and must 
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be kept in mind in the remaining portions of this thesis. 
Pickering's group [23,24] at the United Steel Companies, Limited, 
of Great Britain accomplished the original work in the development of 
relationships as Equation 2. The analyses considered variables as 
grain size (ferrite) and volume fraction of pearlite and solution 
hardening effects and cooling transformation effects due to alloy 
additions such as manganese and silicon. The computer regression analy-
ses were made over rather wide ranges of steel compositions common only 
to structural steels, and only considered the steels when in soft con-
ditions as would result from normalizing. The result of the yield 
strength regression analysis was: 
<7 (psi) = 15,000 + 4,720(w/o Mn) + 12,150(w/oSi) + 507d"2 (3) 
The equation was not considered to be able to handle the effects intro-
duced by those alloy additions which cause more complicated metallurgi-
cal phenomena, as precipitation hardening due to vanadium or columbium 
carbonitrides, cold work, or strain aging. Various modifications of 
Pickering's pioneer formulation have been developed since 1963, and in 
1967 Jamieson and Thomas [25] published the following relationship 
developed on considerations involving only one steel fabricated by 
two different mill practices: 
<7 = 8,700 + 73,900(w/o C) + 12s200(w/o Mn) + 102,200 (w/o V) (4) 
+ 278d"^ 
Duckworth and Baird [26] developed a formulation allowing <7 calculation 
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for carbon steels in the usual mill hot worked condition, but the silicon 
contents of the considered steels was quite low, so there resulted: 
a = 11,872 + 3.189(w/o Mn) + 573d 2 (5) 
Irvine [27] has developed the following minor modifications of the 
Pickering equation: 
j. 
a = 10,080 + 4,704(w/o Mn) + 12,096(w/o Si) + 51,520(w/o Nf
2) 
+ 502d 2 
(6) 
The Irvine relationship is somewhat unique in that it separately accounts 
for the weight percent free nitrogen, N , in solution in the ferrite 
grains. 
Some investigators believe that the effects of pearlite on yield 
strength values may be more important than simple reasoning would lead 
one to believe. Korchynsky [28] and his associates at the Graham 
Research Laboratories of the Jones and Laughlin Steel Corporation, 
Pittsburgh, Pennsylvania, gave further modifications to Pickering's 
formulation by considering the volume fraction (v/o) of pearlite present 
in microstructures, obtaining: 
a = 13,000 + 3,500(w/o Mn) + 9,000(w/o Si) + 4,000(w/o Ni) 
(7) 
+ 99(v/o pearlite) + 591d 2 
The influence of ferrite grain size and volume fraction of pearlite on 
the lower yield strength and Luders strain of carbon steel has been 
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influence a^ values for steels, and changes of value of a . will be 
reflected in changes of value of several mechanical properties. Numer-
ous investigators, including Pickering and Gladman [23], have considered 
that for the case of plain carbon steels with carbon contents below 
0.2 w/o, the value of ay is independent of the volume fraction of 
pearlite in the steel, allowing the development of relationships such 
as Equations 3, 4, 5, and 6. These research workers have reasoned that 
although the pearlite patches are comparatively hard, as opposed to 
ferrite grains, that they are so widely dispersed in the ferrite matrix 
that the ferrite can deform around them with but little difficulty. 
This reasoning is disputed, however, by relationships such as Equation 7. 
It has been found [30] that pearlite formation can influence ferrite 
grain size; ferrite grain size generally decreases with increasing pear-
lite volume fraction because the formation of pearlite patches during 
the austenite decomposition transformation interferes with ferrite grain 
growth. After plastic flow has been well initiated in the tensile test 
and after the cross-sectional area of the specimen is thus reduced, the 
pearlite patches are closer together and then can exert possibly signi-
ficant plastic constraint factors upon further deformation of the ferrite; 
a result will be an increase of strain hardening rate, and thus an ex-
pected result would be that the ultimate tensile strength of annealed 
carbon steels would be increased by the presence of pearlite. Equa-
tions 8 and 9 verify these postulations. 
The yield strength of steel is increased by increasing carbon 
concentration [31], This increase takes place because increasing car-
bon lowers the austenite-ferrite transformation temperature and 
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consequently causes a reduction in ferrite grain size. The friction 
stress cr. also increases with increasing carbon content [33], Both 
effects are more pronounced as cooling rates from the austenitic region 
are increased because the carbon then precipitates at lower temperatures 
and the grain refining action and precipitation hardening effects are 
increased. 
Increasing carbon content also increases the V-notch Charpy 
ductile-brittle transition temperature [32]. The greatest effect is due 
to the increased size and number of carbides that form at ferrite grain 
boundaries, for a given cooling rate after austenitizing; the grain car-
bides act as excellent brittle crack starters. A smaller effect is due 
to the fact that increasing carbon increases the value of cr directly. 
The V-notch Charpy characteristics of quenched low carbon steels 
are generally superior to those of normalized or even annealed low car-
bon steels since the fast cooling rate prevents the formation of grain 
boundary cementite and also refines ferrite grain size. The ferrite 
grain size of normalized steel can be diminished, however, by lowering 
the normalizing temperature. The ductile-brittle Charpy transition 
temperature of a low carbon steel has been lowered by 125 F by reducing 
the normalizing temperature from 2200 to 1650°F [34]. 
Many grades of structural steel are utilized for engineering 
applications when in the hot rolled condition. Rolling to a lower than 
normal finishing temperature at the hot mill can lower the impact transi-
tion temperature [35,36,37], probably due to the increase of cooling 
rate and the correspondingly reduced ferrite grain size. Heat transfer 
considerations dictate that under equal circumstances thick plates cool 
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more slowly than thin plates, and the thick plates will thus have a larger 
ferrite grain size and higher ductile-brittle transition temperatures 
after identical thermomechanical treatments [38]. Post rolling normaliz-
ing treatments are sometimes given directly after hot rolling, to improve 
the properties of rolled plate by the just described mechanisms [39]. 
Deformation accomplished in the plastic region will elevate fric-
tion stress values of an alloy by strain hardening, and it is well 
known that the strengthening effects may be unusually large; it is not 
uncommon for the yield strength (flow stress) of steels to be doubled, 
tripled, or further increased by cold work. Correspondingly, the Charpy 
ductile-brittle transition temperature is also raised by cold work: an 
increase of transition temperature of about 4.5°F has been found to 
correspond to a 1,000 psi increase in c± promoted by previous 2% plastic 
strain [40]. 
There are other, indirect, effects which may be introduced by 
plastic deformation and cold work, since subsequent strain aging can 
also produce increases in a. values. The actual magnitudes of the fric-
tion stress increases resulting from strain aging will depend on the 
composition of the steel, the amount of previous cold work and the tem-
perature at which it was accomplished, aging time, and aging tempera-
ture. Strain aging alterations of friction stress values are believed 
to result [41] from dispersion hardening effects brought about by the 
precipitation of iron nitride from solid solution. The return of the 
yield point drop on complete aging is thought to result from the pinning 
of dislocations by free nitrogen atoms, as has been postulated in several 
yield theories. The increase of friction stress o* due to strain aging 
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is capable of promoting strain aging embrittlenient [42,43,44], and there 
is an increase of Charpy ductile-brittle transition temperature of about 
3.6°F per 1,000 psi increase in cr due to such aging. Alloy additions 
to steel, as manganese, aluminum, and vanadium, lower the tendencies for 
strain age embrittlement, the former by retarding the precipitation of 
nitrides and the later two by gettering the nitrogen in the form of 
vanadium carbides or nitrides during normalizing or hot rolling. Silicon 
is also beneficial in this respect since it is an effective deoxidizer 
and thus leaves aluminum free to getter the nitrogen. 
The greatest influence on friction stress o . values are associated 
with strain hardening and possible subsequent aging. In regard to strain 
hardfining, the common engineering tensile stress-strain curve is really 
not suitable for describing the plastic behavior and work hardening 
characteristics of metals and alloys. Superior descriptions of work 
hardening are obtained when the tensile true-stress-true-strain curve is 
considered. It is often found that the true-stress-true-strain behavior 
in tension can be described by a formulation of the type: 
<* = K e n (14) 
Thus, there is implied a linear relationship between logu and log e, 
with the value of the slope of such a plot (when logij is plotted as the 
ordinate) being the value of the strain hardening exponent n, and the 
intercept being the value of true stress at a true strain value of one, 
the latter being designated by K and being known as the strength co-
efficient. If a material is found to obey the relationship given by 
Equation 14, Considere's constructions [52 ] will then show that it is 
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necessary for the true strain at the instant of necking to have a value 
equal to that of n. Thus, the strain hardening exponent is a measure 
of the rate of work hardening of the material being considered. A 
low slope value for the logcr - logs plot indicates a low value of 
work hardening (change of flow stress with change of plastic deforma-
tion), and a low value of true elongation before necking commences, A 
high slope value corresponds to rapid work hardening. Many of the 
experimentally determined plots of log a against log e for low alloy 
steels do not show actual linearity in the plastic range, and a num-
ber of modifications of Equation 14 have been proposed, A new relation-
ship proposed by Gladman, Holmes, and Pickering [45] has been found to 
give excellent agreement with much experimental data obtained in tension 
with low carbon steel specimens: 
cr-a + b ^ e + ce (15) 
The Thermomechanical Treatment of Steel 
General 
The possibility of accomplishing hardening or strengthening, by 
pertinent metallurgical mechanisms, simultaneous with fabrication at 
the hot mill, or immediately following hot mill fabrication, is a 
matter that has received considerable research and development atten-
tion within the last several years. Some of the development experience 
has been reduced to commercial practice and is now utilized in the steel 
industry in this country, Great Britain, and the Soviet Union. Some of 
the procedures which have been developed have no applicability to this 
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thesis, but others do, 
Controlled Cooling 
The combination of accelerated cooling immediately after leaving 
the hot mill and control of coiling temperatures has received attention 
when dealing with relatively thin strip products. The developed pro-
cedures would not be expected to be particularly successful at the 
plate mill since it is difficult to uniformly cool the thicker plate, 
since distortion from flatness may result, and since plate is usually 
not coiled. 
The influence of various coaling schedules after the hot rolling 
of 1/4 inch plate of structural steels modified with columbium, molybde-
num, and boron has recently been reported by Cryderman, Coldren, Bell, 
and Grozier [46]. Strength increases resulting from the treatments 
were associated with grain refinement of the ferrite. Previous inves-
tigations [2] had concluded that accelerated cooling did not effectively 
suppress the recrystallization of austenite in carbon steel, but there 
was an effect when dealing with precipitation hardening steels since 
the presence of elements such as columbium and vanadium, which can cause 
precipitation, retard the completion of austenite recrystallization. 
The controlled cooling of steel strip after coiling can also play 
an important part in the control of properties. If temperature at the 
coil is sufficiently high and if the austenite decomposition transfor-
mation has not been completed on the run-out table, then the transfor-
mation will continued in the coil and precipitation hardening will take 
place in applicably alloyed steels. 
High Temperature Thermomechanical Treatment (HTTMT) 
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Work hardening may be accomplished simultaneous with recrystall-
ization, even if steel hot fabrication is done in the austenite single 
phase region. Our literature survey has shown that results include 
increases in values of yield strength, ultimate tensile strength, 
ductility, and fatigue properties, as compared with properties 
obtained with more conventional heat treatments. The degree of change 
of properties depends on the specific alloy being considered and on the 
variation of processing parameters. An effective HTTMT has been des-
cribed by Ivanova and Gordienko [47]: steel was heated well into the 
austenitic region (1150 - 1200°C), cooled to a temperature slightly 
above the A line and then given 25 - 307o plastic deformation at the 
latter temperature. After the described thermomechanical treatment the 
steel was immediately water quenched and tempered in the low tempera-
ture range from 100 to 200°C. Yield strength increases were of the 
order of 107o to 20?o as compared with the same steels given the same 
thermal treatments without accompanying plastic deformation. The 
plastic deformation was considered to be responsible for the develop-
ment of a very fine microstructure. When deformed at a temperature 
just above the A line, instead of at higher temperatures, the rate of 
recrystallization of austenite is comparatively slow. Quenching was 
done to prevent recrystallization, and to promote the martensite 
reaction with the applicable steels. 
Koppenaal [48] in his recent survey of thermomechanical treat-
ments as accomplished in the Soviet Union has concluded that there is 
a formation of carbides during HTTMT when precipitation hardening steels 
are worked with. The solid solubility of carbon in austenite is thought 
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to be considerably reduced by simultaneous plastic deformation, resulting 
in carbide formation during HTTMT. The carbides will reenter solid solu-
tion as soon as the deformation is completed unless the steel is quenched. 
From an industrial viewpoint HTTMT is important since the deformation is 
accomplished at temperatures compatible with existing fabrication facili-
ties, and no installation of new equipment would be required to accom-
plish the processes. Unfortunately5 recrystallization cannot be com-
pletely avoided during HTTMT* thus, steels with slow recrystallization 
kinetics, as tool steels, are considered to be [49] particularly applic-
able for HTTMT. 
Low Temperature Thermomechanical Treatment (LTTMT) 
The processes designated as LTTMT are also referred to as 
"ausforming." Steels capable of forming martensite are involved, and 
processing consists of deforming the steel while below the recrystalli-
zation range but while at a temperature in excess of the martensite 
start M temperature. A typical LTTMT is described in detail in the 
Russian translation [47]; the amount of plastic deformation involved 
was in the range from 75 to 95%. 
As compared with results produced by HTTMT, LTTMT can give very 
high increases in yield strength and usually result in increased duc-
tility, although some ductility decreases have been reported. High 
alloy steels are most suitable for LTTMT since there is a sufficiently 
wide metastable austenite bay in the time-temperature cooling diagram 
with these steels to allow time for fabrication to be accomplished. 
During processing by LTTMT a number of structural changes may 
take place. Since the deformation temperature is below the solution 
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temperature for most of the carbides, deformation will be accomplished 
simultaneous with carbide precipitation. Another important feature of 
LTTMT is that during the austenite-martensite transformation the high 
dislocation density of the deformed austenite is retained by the 
martensite, resulting in strengthening. 
HTTMT and LTTMT have been successfully combined in one processing 
schedule [48 ] which has been referred to as combined thermomechanical 
treatment or CTMT. Encouraging results have been obtained with 0.3 -
0.4 w/o C steels containing W, V, Ni, and/or Mo additions. Yield 
strength increases of 35 to 4570 and ultimate tensile strength increases 
of 10 to 307o have resulted from application of CTMT, the measures of 
strength being compared with those resulting from conventional hot 
rolling [48]. 
Iso forming 
Isoforming consists of fabrication accomplished simultaneous 
with the austenite-pearlite reaction. A result is the obtaining of 
a very fine subgrain structure in the ferrite: partial or complete 
spheroidization may also take place [50], With several alloy steels 
only small improvements in ultimate and yield strengths were obtained 
by isoforming, but there were marked improvements of toughness, 
particularly as measured by decreases of the notch brittle-ductile 
transition temperature. 
Preliminary Thermomechanical Treatment (PTMT) 
This new processing technique appears to be one of the most 
interesting and potentially useful of any. Involved with PTMT is 
plastic deformation accomplished before austenization. It has been 
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established [48] that there are strengthening effects if (a) steels are 
cold worked before austenitization, and (b) if the cold worked steels 
are rapidly heated to the austenitization temperature. It appears 
that at least some of the dislocations introduced by prior cold work 
are retained during thermal processing. 
27 
CHAPTER II 
MATERIAL, FABRICATION, AND SPECIMEN PREPARATION 
A-441 Steel 
It was decided at an early stage that the steel to be investigated 
in this thesis would be one of the high strength, low alloy compositions. 
These materials represent the new generation of structural steels, and 
the results of thermomechanical research and development described in 
the technical literature having to do with these materials is minimal. 
Also, the steels classified as HSLA should be capable of giving several 
interesting responses to thermomechanical treatments, because of the 
modified compositions as compared with carbon steels. As the program 
developed it was found that it would be possible to have three different 
steels fabricated by a very cooperative industrial concern (Republic 
Steel Corporation), and one from each of the three HSLA classes was 
selected; 
a. X-52, single addition (Mn) 
b. X-60, double addition (Mn,V) 
c. A-441, triple addition (Mn,V,Cu). 
This thesis is concerned with A-441; X-52 is now being investigated 
by Mr. Y. M. Ebadi at the Georgia Institute of Technology, and X-60 
will be involved in a subsequent program. 
All of the A-441 steel provided by the Republic Steel Corporation 
for this investigation was taken from one piece of half inch thick plate 
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prepared and fabricated in the Republic Steel production facility in 
Gadsden, Alabama. The rolling schedule was proprietary and thus was 
not revealed to the writer, but was said to involve some commercial 
controlled rolling operations including hot finishing. The plate was 
one of the products of the heat identified as 4034124. The analyzed 
chemical composition included 0.12 w/o C, 0.82 w/o Mn, 0.012 w/o P, 
0.027 w/o S, 0.31 w/o Cu, and 0.043 w/o V. 
The Thermomechanical Treatment Program 
The thermomechanical treatment programs which were developed 
were intended to cover as many of the previously mentioned thermo-
mechanical treatments as were thought to be applicable to the partic-
ular steel being considered. Because of the composition limitations 
of A-441 (being a HSIA steel, it is not highly alloyed) it was real-
ized that low temperature thermomechanical treatment (LTTMT) was an 
impossibility -- the T-T-T transformation diagram of A-441 is not of a 
type appropriate for LTTMT since metastable austenite decomposition at 
temperatures below the A., will be initiated in very short times „ Since 
LTTMT could not be done, then combined thermomechanical treatment (CTMT) 
was also eliminated as an experimental possibility with A-441. Con-
trolled cooling and coiling could not be investigated since sample 
sizes and fabrication facilities available at the Republic Steel 
Research Center eliminated the possibilities of coiling. Of course, 
all fabrication work which was done had to be consistent with the capa-
bilities of Republic Steel research facilities. 
A comprehensive experimental fabrication program was developed 
which was thought to include the possibilities of accomplishing: 
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a. High temperature thermomechanical treatment (HTTMT) 
at temperatures where all carbides should be in 
solution and also at temperatures at which carbide 
precipitation should be concurrent with fabrication. 
Nitrides or carbonitrides of vanadium may be in-
volved, instead of just iron-carbides. 
b. Isoforming, temperatures being selected so that the 
austenite-pearlite reaction should take place simul-
taneous with plastic deformation by rolling. 
c„ Preliminary thermomechanical treatment (PTMT), since 
half of the samples were cold worked before being 
hot or warm worked at the mill, 
The fabrication program included temperature ranges which may be thought 
of as being unusually low, even for thermomechanical treatments, and 
extended well below the A line; of interest were the effects of possi-
ble cold or warm work and possible aging simultaneous with deformation, 
From the provided A-441 plate a total of 20 samples were pre-
pared for inclusion in the thermomechanical treatment program. One 
sample was set aside and was given the code or designation, "A"; it 
was representative of the mill condition material, as produced in 
Gadsden, which was the starting material for all further processing. 
Sample size included the dimensions of 10 inch length by 6 inch width 
by thickness (half inch). The length dimension was in the rolling 
direction of the larger plate, and was also in the rolling direction 
for all further thermomechanical processing. Sample sizes were dic-
tated by the available heating facilities adjacent to the rolling mill 
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at the Republic Steel Research Center and by the characteristics of the 
mill itself. All fabrication was accomplished in one two-high revers-
ing mill with 14 inch diameter rolls of 20 inch effective length, and 
the mill was operated to give a roll velocity of 1,000 rpm„ 
Ten of the samples were given a preliminary 20% reduction, to 
0.40 inch thickness, by cold rolling at room temperature; these included 
the materials to be involved in the preliminary thermomechanical treat-
ment (PTMT) program as modified by other subsequent operations. One of 
the samples was designated as "B" and was set aside to be representa-
tive of the cold worked A-441, The other nine samples were each intro-
duced into a furnace at high temperature (2000, 1850, 1700, 1551, 1400, 
1250, 1100, 950, and 800°F), were held in the furnace for one hour, and 
were then removed from the furnace and as rapidly as possible reduced 
another 20% in thickness, to 0.32 inch, in one pass through the rolling 
mill. This group of samples, a total of 10 including B, will here-
after be referred to as the "cold work-hot work" material, 
The nine remaining samples, each in the mill condition, and thus 
with a thickness of one-half inch, were introduced into a furnace at 
high temperature (the same temperatures as mentioned in the last para-
graph), were held at furnace temperature for one hour, and were then 
as rapidly as possible reduced to a final gage of 0„32 inch; two 
passes, each giving 20% reduction, were made. Only a few seconds 
elapsed between passes, so that there was but little opportunity for 
temperature changes. This group of samples will hereafter be referred 
to as the "hot-work" material,, 
Codes involving identification letters for the various samples 
are summarized in Table 1: samples A and B, respectively, were 
representative of the mill, condition and 207o cold worked A-441, 




































Care was taken to insure that all samples were cooled from fabri-
cation temperatures under rather identical conditions. Just as rolling 
was completed, while the sample was still at temperature, each plate 
was placed in a granular material specifically provided for cooling 
purposes „ 
Preparation of Test Specimens 
Charpy Specimens 
All test specimens were prepared in the Materials Processing 
Laboratory of the School of Mechanical Engineering, Georgia Institute 
of Technology, by the writer of this thesis. Assistance and guidance 
was given by acknowledged machine shop personnel. Machining operations 
were carefully and conservatively done, so as to avoid distortion or 
heating which would alter mechanical properties, 
As an initial operation about one inch of material was removed 
from each plate by a single saw cut made with a power hack-saw. This 
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end material was discarded since it was thought that it might not be 
representative of the bulk of the plate due to end effects resulting 
from fabrication and heating. In the next operation a 2-1/4 inch long 
piece was cut in a single operation of the power hack-saw. This piece, 
as indicated by Figure 1, was to be used for the preparation of Charpy 
specimens. The plate section was surface ground to Charpy specimen 
length (55 mm) while using a Blohm-Simplex 5 surface grinder with a 
12 inch diameter wheel. Grind depth in all operations with this unit 
was limited to a maximum of 0.005 inch, in order to avoid overheating, 
and an adequate supply of water cooling was maintained during grinding 
to insure that room temperature machining was being accomplished. With 
the same grinding unit the plate section was also reduced to 0.263 inch 
thickness, a value which is two-thirds of the thickness of a "standard" 
Charpy specimen. Full thickness (10 mm) specimens could not be pre-
pared because of the fabricated thickness of the plate (0.32 inch), 
and two-thirds thickness is a standard compatible with steel industry 
practice for sheet and thin plate. Blanks for the final preparation of 
Charpy specimens were saw cut from the ground plate sample by use of a 
DoAll Metalmaster band saw with a blade of 1/4 inch depth and 14 teeth 
per inch. Each Charpy blank was given a number, indicated in Figure 1, 
to allow the identification of location in the plate and was also 
stamped at the ends with the appropriate letter designation of Table 1. 
After the grinding of saw cut surfaces to give the desired Charpy width 
of 10 mm, a standard V-notch of two mm depth was machined by the use of 
a specially prepared cutter mounted on a Milwaukee Model H horizontal 
milling machine. Final dimensions of the Charpy specimens conformed 
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to ASTM Standard E-23, and dimensions are indicated on Figure 2. 
Tensile Specimens 
Two longitudinal rolling direction blanks and one transverse 
blank were saw cut from the remaining plate, at the locations indi-
cated by Figure 1, for the eventual preparation of tensile specimens. 
All blanks were approximately 5/8 inch in width. As the next opera-
tion the blanks were rough turned to half inch diameter on a Monarch 
Model 12 CK lathe; of course the piece which resulted was not completely 
round, since the plate thickness was only 0.32 inch. Ends were threaded 
over a length of about one inch (1/2 inch diameter, 13 threads per inch), 
and due to the plate thickness there were flats on opposite sides of the 
threaded ends. The gage section of each test specimen was machined in 
a Monarch Model 14 C lathe equipped with a True-Trace Model 106 633 
tracer attachment. The final dimensions of the tensile test specimens 
are also indicated by Figure 2, and these dimensions are in accord with 
ASTM Standard E-8. Previous experience, verified by preliminary experi-
mentation, had shown that the 0,252 inch diameter specimens would deform 
and fail in the gage length and not in the threaded ends with reduced 
cross-sectional areas resulting from the large flats consistent with 
0.32 inch plate thickness. 
Metallographic Specimens 
Metallographic specimens were prepared by rather standard proce-
dures applicable for plain carbon steels of equivalent carbon content. 
The metallographic specimens extended across the thickness of the plate, 
from surface to surface, were of about one-half inch length in the roll-
ing direction, and had their planes of polish parallel with the rolling 
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direction. Specimen Locations are indicated by Figure 1. Grinding, 
polishing, and etching were done in the Metallography Laboratory of the 
School of Mechanical Engineering„ Bakelite mounted specimens were 
ground with AB Carbimet Silicon Carbide papers with grits including 
180, 240, 320, 400, and 600. Polishing was done on 8 inch diameter 
wheels with Buehler AB Microcloth; rough polishing was done with Buehler 
Alpha Micropolish, 0.3 micron, and final polishing with Buehler Gamma 
Micropolish, 0.05 micron. A standard 3% Nital solution was used for 













Figure 1. Location of Test Samples Relative to 
Fabricated Plate 
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Thesis tensile testing was done in the 10,000 pound capacity 
floor model Instron machine of the School of Mechanical Engineering. 
The machine is physically located in Room 108 of Space Sciences and 
Technology 1 Building, Only ambient temperatures were considered, and 
a crosshead velocity of 0.05 inch per minute was held constant during 
all thesis work. 
The School of Mechanical Engineering Model TTC Instron machine 
is a unit complete with sophisticated instrumentation. Load-elongation 
diagrams are autographically recorded on 10 inch wide chart paper when 
an appropriate extensometer is properly attached to test specimens. 
Motion of the pen across the ten inch width of the chart paper is 
actuated by the signal from a load cell, while x-direction pen travel 
is proportional to the elongation signal from the extensometer. In the 
testing of thesis material the Instron machine was operated at either 
10,000 pound or 5,000 pound capacity, depending on the code designation 
of the steel being elongated, while the extensometer range was corres-
pondingly set for either 25% or 50% maximum elongation. The Instron 
Model G51-12 extensometer was exclusively used, since it was capable 
of achieving elongation values consistent with the steel samples being 
tested. The mentioned combinations of load capacity settings and exten-
someter settings result in load-elongation diagrams of maximum size. 
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Pertinent dimensions of the tensile test specimens were precisely 
measured before and after testing, with micrometers being the most com-
monly used measuring instruments, although on several occasions an 
optical comparator was also utilized. Results obtained by direct calcu-
lation from results plotted on the load-elongation diagrams included 
upper yield point and lower yield point values, when applicable, or 0.2% 
offset yield strength. Yield point elongation was directly measured 
from those diagrams which showed discontinuous yielding. Uniform elon-
gation, to the onset of necking, was also measured from the charts, as 
was total elongation to fracture. Specimen diameter at the fracture 
was determined, by micrometer or optical comparator, and percent reduc-
tion of area values were then calculated. Values of engineering frac-
ture stress were obtained by noting the fracture load and dividing by 
initial specimen cross-sectional area; true fracture stress values were 
based on the measured specimen diameter at fracture. 
Each recorded load-elongation diagram was considerably analyzed 
as regards strain hardening. In most cases the value of load on each 
diagram was noted at each percent of plastic strain; for those test 
specimens which were found to be in hardened conditions, and which thus 
showed but little ductility before fracture, load values were determined 
at each half percent value of strain. Each value of load was converted 
to engineering stress, by dividing by the initial cross-sectional area, 
and engineering stress-strain data for each specimen was then compiled 
in tabular form. True stress and true strain values, corresponding to 
the individual engineering stress and strain values, were then calcu-
lated by application of appropriate and elementary formulations; of 
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course, such conversions can only be made for those loads and elongations 
measured before the onset of necking. 
Difficulties were encountered when calculating values of the strain 
hardening coefficient n and the strength coefficient K, both being defined 
by Equation 14. The difficulties resulted from the fact that when log a 
values were plotted against log e values, for one given test, exact 
linearity usually was not found, as is demanded by Equation 14. It was 
finally decided that two sets of n and K values would be obtained for 
each tested specimen. One set of n and K values was calculated by eval-
uating the slope of the logo"-log e diagrams at the maximum loads as 
indicated by the strip chart records, to give n values, and by then 
using these n values and the maximum load values with Equation 14 to 
calculate K values. The other set of n and K values were obtained by 
using Considere's finding that the true uniform elongation has a value 
equal to n (when Equation 14 is exactly followed), and then by using 
these values of n with maximum load values to calculate K values from 
Equation 14. The two sets of n and K values so calculated for each 
test specimen generally showed little deviation, but appreciable dif-
ferences were noted for the cases involving severely cold worked 
materials. 
The tensile testing and subsequent evaluation program involved 
with this thesis was large. There were an initial total of 60 test 
specimens, and the results from each had to be analyzed by indicated 
means. As is nearly always the case with a program of this scope, 
some of the tensile specimens necked and fractured at the fillets 
at the ends of gage lengths, instead of in the gage lengths; all 
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deformation after necking is then accomplished outside of the gage length 
of the extensometer. Necking at fillets is no doubt a direct result of 
undercutting by the tracer lathe. For those cases where necking and 
fracture did take place at the ends of gage lengths, at the fillets, 
duplicate tests were run with specimens machined after the initial 
machine shop program. 
Charpy Impact Tests 
A total of 220 V-notch Charpy specimens, 11 from each of 20 code 
designations, were available for testing. Since there is a considerable 
hazard associated with operation of Charpy machines, all testing was 
done by a group of three investigators including Professor Clough and 
Mr. Ebadi. The 220 foot-pound capacity Tinius Olsen Charpy-Izod unit 
belonging to the School of Mechanical Engineering, but housed in an 
Engineering Science and Mechanics laboratory, was exclusively used. 
The primary objective of impact testing was the determination of 
Charpy energy values over the entire transition temperature range, from 
very brittle behavior to very ductile behavior, so as to allow evaluation 
of the 15 foot-pound transition temperature for each code designation. 
It was found that A-441 steel is of a type not amenable to determinations 
of fracture appearance transition temperatures, so the Charpy evaluations 
involved only energy values. 
Required variations of test temperature were obtained by liquid 
baths confined in well insulated wide-mouth Thermos flasks. Specimens 
were immersed in the appropriate liquid baths for at least 30 minutes 
before being tested. Elapsed time between specimen removal from the 
bath and rupturing of the test bars by the Charpy machine was less than 
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two seconds, giving but little opportunity for change of temperature from 
the rather stable bath temperature. 
Water was utilized as the bath for elevated temperature testing. 
Temperatures below room temperature were obtained by using controlled 
mixtures or solutions of ice and water5 ice and water and table salt,, 
dry ice and acetones or liquid nitrogen and ethyl alcohol. Once the 
proper concentrations or mixtures were obtained remarkably stable tem-
peratures resulted; one bath of dry ice and acetone, with sufficient 
o 
dry ice to give -30 F9 retained this temperature within one degree 
Fahrenheit when left overnight. Thermometers calibrated in undergrad-
uate laboratories were used to measure temperatures of the baths; each 
of the thermometers could be read to within one-half degree. 
Energy values obtained with the eleven Charpy specimens of each 
material code given in Table 1 were plotted against testing temperature^ 
and the 15 foot-pound transition temperature was directly read from 
the plots. 
Hardness Tests 
All hardness evaluations were accomplished with units installed 
in the specimen preparation room of the Metallography Laboratory, 
School of Mechanical Engineering. Available there is a Brinell unit 
manufactured by the Steel City Testing Laboratory of the Tinius Olsen 
Testing Machine Company. All Brinell determinations of hardness 
involved the. application of 39000 kg loads to 10 mm diameter spherical 
indentors; the mentioned combination of diameter and load is the most 
common for steel specimens. 
Also available in the same laboratory is a Rockwell unit made 
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by the Wilson Mechanical Instrument Division, American Chain and Cable 
Company. As previously mentioned, Rockwell indentations were made on 
the larger sides of ruptured Charpy specimens since the machined surfaces 
available there are ideal for such testing. Care was taken to avoid the 
strain hardened material adjacent to fracture surfaces. At least 10 
Rockwell hardness determinations were made for each code designation 
listed in Table 1. The B scale was found to be applicable for the 
majority of the various code designations,, and operation was then with 
the usual 1/16 inch diameter ball and 100 kg major load. Some code 
designations were harder than, the upper limit of the B scale, which is 
100 R, , and for these, the C scale, with diamond brale and 150 kg major 
load, was utilized,, 
Meta'ilographic Analyses 
In the Metallagraphic Laboratory of the School of Chemical 
Engineering a minimum of four photomicrographs were prepared from 
each of the polished and etched metallographic samples. The primary 
unit for the high magnification optical investigations was a vertical 
Vickers "55" metallograph. The majority of photomicrographs were 
prepared at either 100, 200, or 400x magnification, but observations 
were also made at other magnifications. Sheet film, four inch by five 
inch, was used, and the long dimension of the film was oriented to be 
in the rolling direction of the plate. Panatomic X and Tri-X Ortho 
films were used and both were developed in DK-50„ Contact prints were 
made in the School of Mechanical Engineering darkroom, with both Velox F4 
and Azo F5 contact papers being used, the latter for increased 
contrast. 
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Unless a particular, local, peculiarity or characteristic was 
being observed, every effort was made to have each photomicrograph be 
representative of the entire structure. Initial observations showed 
that little if any decarburization had occurred at plate surfaces; 
in factj there was generally but little variation in microstructure 
through thicknesses of plate samples fabricated in the experimental 
rolling program. 
Photomicrographs were made to allow quantitative measures to be 
associated with those features which might be expected to influence 
mechanical behavior. For example, the Hall-Petch relationship, 
Equation 1, indicates that ferrite grain size would be expected to be 
an important parameter to be evaluated by quantitative metallography. 
Similarly, Equation 7 indicates that both grain size and volume 
fraction of pearlite would influence yield strength values, if an 
applicable steel in an appropriate, condition were considered, while 
Equations 8-10 indicate that the ultimate tensile strength might be 
influenced by the same two quantities. Other previously discussed 
relationships (Equations 11-13) taken from the literature indicate 
other possible variations of properties with microstructural changes. 
Cold or warm work would no doubt result in a departure from an equiaxed 
grain structure, resulting in grain elongation in the rolling direction, 
and a quantitative measure of this degree of orientation could be of 
importance. 
The volume fraction of pearlite was established by the well 
known point counting method. A transparent grid consisting of sharp 
dark lines intersecting to make 1/4 inch squares was used for all 
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quantitative metallographic analyses" the grid size was recommended by 
Dr. E. E. Underwood who showed a special interest in this thesis. The 
grid was placed over photomicrographs so as to have one set of lines in 
the rolling direction^ the other set then being in the transverse direc-
tion. In the grid on the photomicrograph the grid lines will intersect 
in a certain number of pointss the number for a particular grid being 
dependent on the size, of the photomicrograph. The volume fraction of 
pearlite will simply be the number' of grid intersection points over 
pearlite features divided by the total number of points, while the volume 
fraction of ferrite is the number of grid intersection points over 
ferrite grains divided by the total number of points. If only ferrite 
or pearlite were present in the microstructure,, the sum of the volume 
fractions would be one. Actually, some of the grid intersection points 
might be over inclusionss as manganese-sulfide, or might be associated 
with spheroidized cementit.e. 
The previously described grid was also employed to establish 
values of the grain diameter d and to evaluate other quantities as 
well. Incidentally,, the grain diameter d is perhaps better referred to 
as the "mean intercept length"; it will be the average length of random 
line intercepted by the average grain. Using Underwood's [5l] symbols 
and notations, the ferrite mean intercept length would be given by: 
, 7c Ferrite 1 r„ , 
a0i ' 1.00 X N ^ LinJ (16) 
In this relationship NT is the number of interceptions of ferrite 
grains per unit of length of grid line (inch ). For our specific 
case, since we would expect to have, a ferrite-pearlite microstructure, 
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the quantity N is defined as [51.]; 
2(PT) + (PT) i 
N^ - _ i ^ _ ^ L ^ [in Ul (17) 
where (P ) = number of ferrite-ferrite interfaces (grain boundaries) 
L aa 
per unit length of grid line 
(P ) = number of ferrite~pearlite interfaces per unit length 
of grid line 
Similar relationships may be used to evaluate the pearlite mean inter-
cept;, which would be; 
, (7c Pearlite) 1 - „ ., 
dP = — l o o - " x ̂ J LinJ <18) 
where N = number of interceptions of pearlite colonies 
I£ 
or patches per unit length of grid line 
Since at the moment we are not interested in the number of ferrite 
grains5 Equation 17 becomes; 
NLp- -±fZ- [in
 l] (19) 
The orientation factor Q is an indication of the degree of distortion 
of the ferrite grainss and Underwood's defining relationship is; 
^ m (N^)! - CV„ 
a 0^m\ +0.571 (NLa)„ (20) 
where (N^H- = number of interceptions of ferrite grains of the 
microstructure per unit of length of grid lines 
normal to the rolling direction. 
(N )|| = number of interceptions of ferrite grains of the 
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microstructure per unit length of grid lines 
parallel to the rolling direction. 
Note that for a perfectly oriented structure, corresponding to a hypo-
thetical microstructure in which the grains are reduced to lines in 
the rolling direction, that Cl will have a value of one. When grains 
are ideally equiaxed the value of the ferrite orientation factor will 
be zero. For a partially oriented structure the orientation factor 
will have values between these limits, 
As mentioned before, the same grid that was used for pearlite 
determinations, while similarly oriented with respect to photomicro-
graphs, was used to calculate the basic variables of Equations 17, 
19 and 20; however, the technique was considerably different. In 
this case, it was necessary to count the number of microstructural 
features, as ferrite-ferrite interfaces and ferrite-pearlite interfaces, 
cutting grid lines, so that the number of features per unit length of 
grid line may be calculated^ This counting procedure was made separately 
in the rolling direction and transverse to the rolling direction as 
required by the basic variables in Equation 20„ The following formula-
tion and definition were used for P determination: 
.Li 
^i/aa L || + L4_ v ' 
where 
L.. = length of the rolling direction grid lines 
Lj_ = length of the transverse grid lines 
(P ),L = total number of intersections of ferrite-ferrite grain 
boundaries with rolling direction grid lines 
(Pcwy)-l_ = total number of intersections of ferrite-ferrite grain 
boundaries with transverse grid lines, 
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similar to Equation 21 there can be written: 
(FWu + <poe>j-
< P L W L + L J , <22> 
The various symbols indicate the same quantities as in Equation 21, except 







Calculated results obtained by consideration of all of the 
Instrem plotted load-elongation diagrams are summarized in Tables 
2, 3S 4, 59 6, and 7. Even-numbered tables contain results for the 
"hot:-work" code designations, while odd-numbered tables treat the results 
obtained with "cold work-hot work" samples«. Tables 2 and 3 consider 
those properties involved with yielding while Tables 4 and 5 primarily 
consider the calculated properties associated with necking. Tables 6 
and 7 have to do with properties at the fracture stage, 
Charpy Impact Tests 
Energy values (foot-pounds) obtained with all of the V-notch 
Charpy specimens are listed in Tables 8 and 9; the former treats those 
samples prepared from "hot work" material9 while the latter has to do 
with "cold work-hot work" A-441. For the steel of each code designation., 
Charpy energy was plotted as the ordinate against testing temperature as 
the abscissa, and values of 15 foot-pound transition temperatures were 
obtained from these plots. The values of 15 foot-pound transition 
temperatures so determined are given in Table 10, 
Hardness Tests 
Rockwell B (R ) and Rockwell C (R ) test results have been 
B C 
included in Tables 11 and 12. Each listed result is the average of ten 
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determinations made for each of the cade designated steels,, The results 
of Brineil tests made, with 33000 kg loads and 10 mm diameter balls are 
also included in Table II3 and each listed value represents the results 
of three determinations. 
Metallographic Analyses 
Quantitative metallographic results obtained from the photomicro-
graphs are listed in Tables 13 and 149 the results being listed for each 
individual photomicrograph which was analyzed,, Included are values of 
the ferrite mean intercept (grain diameter)3 volume fraction of pearlite 
as expressed on a percent basis3 and ferrite orientation factor. Also 
-J-
included in Tables 13 aad 14 are calculated values of d 2 which is one 
of the terms to appear in the Hall-Petch relationship and its modifi-
cations. 
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Table 2„ Tensile Test Results Related 

























Al mill 56,290 51,480 ___ 4,810 1.3 
A2 mill 56,090 50,480 _ _ „ 5,610 1.3 
LI 800 ___ _ _ „ 119,940 ___ 
L2 800 ___ ..,_ 120,780 ___ ___ 
Ml 950 _.„_ ,_.„ 95,980 ___ .___ 
M2 950 ___ 96,930 ___ 
Nl 1100 84,320 84,020 ___ 300 0.5 
N2 1100 ___ ___ 84,840 ___ ___ 
01 1250 74,610 73,510 _-_ 1,110 1.3 
02 1250 76,740 75,640 ___ 1,100 1.3 
PI 1400 66,370 60,740 __» 5,630 2.4 
P2 1400 65,620 60,120 ___ 5,500 2.4 
Rl 1550 63,350 54,920 ___ 8,430 2.5 
R2 1550 66,860 56,570 .,._ 10,290 2.8 
SI 1700 61,720 56,800 ___ 4,920 1.8 
S2 1700 59,190 56,590 2,600 1.8 
Tl 1850 61,370 56,460 ___ 4,910 1.5 
T2 1850 63,160 56,960 _._ 6,200 1.3 
VI 2000 55,330 53,920 ___ 1,410 1.0 
V2 2000 55,170 53,770 ___ 1,400 1.0 
Transverse Specimens 
A3 mill 58. ,870 52. ,320 
L3 800 .«_ .__ 
M3 950 95. ,840 95, ,840 
N3 1100 91. ,590 91. ,590 
03 1250 77. ,360 74, ,760 
P3 1400 66. ,100 62. ,270 
R3 1550 63. ,580 59. ,880 
S3 1700 60, ,260 55, ,760 
T3 1850 63. ,530 59, ,140 












Table 3„ Tensile Test Results Related to 
Yielding, Cold Work-Hot Work Samples 
Finishing Upper Lower 0„27o Yield Yield 
Code Temperature Yield Yield Offset Yield Point Point 
(°F) Point Point Strength Drop Elongation 
(psi) _IPsi) (psi) (psi) X 
Longitudinal Specimens 
Bl Cold Rolled ___ ___ 93,150 ___ ___ 
B2 Cold Rolled ___ ___ 89,950 _ _ „ 
CI 800 _ _ „ ___ 112,660 ___ 
C2 800 ___ ___ 113,180 _ _ „ ___ 
Dl 950 _»._ 101,570 _ „ _ __ = 
D2 950 _ „ _ _«._ 102,540 _ _ „ ___ 
El 1100 _..», ___ 85,040 _ „ _ -«_ 
E2 1100 _ _ „ _ _ „ 85,250 ___ ___ 
Fl 1250 66,500 65,190 ___ 1,310 1.4 
F2 1250 66,460 64,260 ___ 2,200 1.35 
Gl 1400 64,530 60,860 ___ 3,670 1.9 
G2 1400 62,880 57,350 ___ 5,530 2.0 
HI 1550 71,550 62,760 ___ 8,790 2.9 
H2 1550 70,200 62,210 ___ 7,990 2.9 
11 1700 60,610 56,710 __«. 3,900 1.4 
12 1700 60,490 55,850 ___ 4,640 1.6 
Jl 1850 56,330 54,430 ___ 1,900 1.0 
J2 1850 56,310 54,500 ___ 1,810 1.0 
Kl 2000 53,960 53,360 ___ 600 0.9 
K2 2000 53,020 53,020 ___ --- 0.9 
Transverse Specimens 















63,980 60,480 --- 3,500 2.1 
61,500 59,890 --- 1,610 2.0 
61,890 56,430 --- 5,460 1.5 
59,700 55,640 --- 4,060 1.1 
55,330 53,930 --- 1,400 0.7 
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Table 4. Tensile Test Results Related 
to Necking, Hot Work Samples 
Finishing Ultimate Uniform Strain Hardening Strength 
Code Temperature Tensile Elongation Exponent Coefficient K 
Strength UTS Graph. UTS Graph, 






















75,320 17 0 0 1570 0 1573 117 850 117 920 
74,920 17 0 0 1570 0 1564 117 230 117 070 
124,530 2 5 0 0247 0 0221 139 850 138 520 
124,400 2 2 0 0218 0 0202 138 170 137 350 
106,580 5 8 0 0559 0 0536 132 430 131 550 
106,520 5 8 0 0559 0 0510 132 360 130 480 
96,120 7 5 0 0723 0 0688 124 950 123 790 
97,510 7 0 0 0676 0 0760 125 180 127 980 
86,340 9 3 0 0889 0 0905 117 030 117 480 
88,400 9 6 0 0917 0 0922 120 620 120 770 
78,240 16 5 0 1527 0 1480 121 450 120 360 
78,180 16 5 0 1527 0 1542 121 350 121 680 
76,000 18 8 0 1723 0 1573 122 240 118 990 
75,950 18 5 0 1697 0 1620 121 630 119 940 
78,280 17 4 0 1604 0 1538 123 250 121 770 
78,080 17 0 0 1570 0 1385 122 180 " 117 ,930 
78,720 16 0 0 1484 0 1517 121 210 121 ,950 
79,080 15 0 0 1398 0 1384 119 730 119 ,390 
78,960 15 0 0 1398 0 1408 119 ,540 119 ,800 












76,110 15 7 0 1458 0 1469 116,600 116,830 
129,110 2 9 0 0286 0 0300 147,070 147,830 
107,950 4 7 0 0459 0 0484 130,200 131,180 
103,420 5 5 0 0535 0 0785 127,610 136,610 
85,680 7 5 0 0723 0 0868 111,370 115,540 
79,200 15 5 0 1441 0 1386 120,940 119,630 
78,780 18 2 0 1672 0 1660 125,510 125,310 
76,550 16 7 0 1544 0 1473 119,200 117,590 
82,310 15 2 0 1415 0 1445 125,040 125,790 
78,040 15 2 0 1415 0 1406 118,560 118,370 
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Table 5. Tensile Test Results Related to 
Necking, Cold Work-Hot Work Samples 
Finishing Ultimate Uniform Strain Hardening Strength 
Code Temperature Tensile Elongation Exponent Coefficient K 
Strength UTS Graph. UTS Graph. 
(°F) (psi) 7. (psi) (psi) 
Longitudinal Specimens 
Bl Cold Rolled 

























































































































Table 6, Tensile Test Results Related to 










Al Mill 51,480 145,530 64.6 31,8 
A2 Mill 51,080 152,240 66.4 32.5 
LI 800 87,010 172,604 49.6 10.9 
L2 800 87,820 177,070 49.6 10.7 
Ml 950 75,280 147,360 48,9 16.2 
M2 950 76,940 173,580 55.7 15.7 
Nl 1100 68,210 168,310 59.5 18.8 
N2 1100 69,960 165,630 57,8 18.2 
01 1250 57,560 158/130 63,6 24,8 
02 1250 60,400 175,350 65,6 22.7 
PI 1400 52,090 170,510 69.5 31.9 
P2 1400 52,850 172,040 69,3 30.4 
Rl 1550 52,610 168,380 68 „ 7 33.2 
R2 1550 52,270 167,950 68.9 34.3 
SI 1700 53,590 168,670 68.2 34.6 
S2 1700 53,090 172,630 69,2 32.4 
Tl 1850 53,750 168,550 68.1 31.1 
T2 1850 54,950 166,560 67.0 29.8 
VI 2000 53,720 174,200 69.2 29.8 
V2 2000 54,170 175,060 69,1 30.2 
Transverse Specimens 
A3 Mill 60,580 147,010 58,8 27.4 
L3 800 108,210 155,280 30.3 6.4 
M3 950 88,780 139,990 36.6 10.5 
N3 1100 86,580 141,410 38.8 11.8 
03 1250 70,750 133,260 46.9 16.7 
P3 1400 63,690 156,670 59.3 27.7 
R3 1550 65,980 151,790 56.5 30.2 
S3 1700 63,960 144,470 55.7 27.6 
T3 1850 67,930 153,010 55.6 26.4 
V3 2000 58,630 153,420 61.8 28.4 
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Table 1„ Tensile Test Results Related to 
Fracture, Cold Work-Hot Work Samples 
Finishing Engineering True Reduction 
Code Temperature Fracture Fraction of Elongation 
Stress Stress Area 
(°F) (psi) „,_i£sii % % 
Longitudinal Specimens 
Bl Cold Rolled 65,730 164,730 60.1 14.0 
B2 Cold Rolled 65,470 163,690 60,0 14.2 
CI 800 82,540 184,550 55,3 13.5 
C2 800 82,350 178,460 53.9 13.2 
Dl 950 78,640 177,080 55.6 15.8 
D2 950 79,420 176,970 55.1 15.8 
El 1100 67,090 176,610 62.0 19.4 
E2 1100 65,850 176,260 62.6 20.4 
Fl 1250 50,220 171,230 70.7 26.5 
F2 1250 50,050 166,780 70.0 25.6 
Gl 1400 52,920 183,230 71.1 30.0 
G2 1400 51,110 169,330 69.8 30.1 
HI 1550 52,360 179,210 70.8 33.3 
H2 1550 53,120 174,430 69.5 31.0 
11 1700 55,510 170,140 67.4 29.0 
12 1700 53,630 165,220 67.5 30.9 
Jl 1850 54,430 161,040 66.2 31.0 
J2 1850 54,600 163,560 66.6 29.6 
Kl 2000 54,160 166,980 67.6 29.0 
K2 2000 55,620 170,440 67.4 26.8 
Transverse Specimens 
B3 Cold Rolled 75,580 
C3 800 101,340 
D3 950 95,150 
E3 1100 84,310 
F3 1250 64,800 
G3 1400 65,690 
H3 1550 64,010 
13 1700 64,620 
J3 1850 64,170 































Table 8, Charpy Test Results, 
Hot Work Samples 
Code Temperature Energy Code Temperature Energy 
(°F) (Ft-lb.) (°F) (Ft-lb.) 
A7 -105 5.0 L6 -105 2.0 
A10 - 75 4,0 Lll - 25 2.0 
Al - 70 22,0 L7 + 3 4.0 
A2 - 50 29.5 L9 + 16 3.0 
All - 60 6.0 L3 + 32 4.5 
A9 - 25 44.0 L2 + 55 7.0 
A8 + 2 52.0 LI + 65 22.0 
A3 + 32 46.0 L4 + 75 18.0 
A6 + 75 69.0 L10 + 87 12.0 
A5 +212 62,0 L8 +100 26.0 
L5 +212 21.0 
M6 -105 2.0 N6 -105 2.5 
M9 - 50 2.0 N10 - 75 3.5 
M8 - 25 4.0 N9 - 50 4.0 
M10 - 12 5.0 Nil - 37 3.5 
Mil 0 9.0 Nl - 25 6.0 
M7 + 3 19.0 N8 - 25 30.0 
Ml + 17 13.0 N2 - 12 16.0 
M3 + 32 16.0 N7 + 3 24.0 
M2 + 55 26,0 N3 + 32 30.0 
M4 + 75 26.0 N4 + 75 33.0 
M5 +212 31.0 N5 +212 35.0 
06 -105 1.5 P2 -150 2.0 
02 - 62 4.0 PI -125 1.0 
09 - 50 7.0 Pll -115 4.0 
010 - 37 3.0 P6 -105 27.0 
01 - 25 6.0 P8 - 75 22.0 
08 - 25 5.0 P9 - 50 36.0 
Oil - 12 25.0 P10 - 25 44.0 
07 + 3 26.0 P7 + 3 70.0 
03 + 32 37.0 P3 + 32 66,0 
04 + 75 44.0 P4 + 75 63.0 
05 +212 43.0 P5 +212 67.0 
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Table 8. Charpy Test Results, Hot 
(Continued) 
Work Samples 
Code Temperature Energy Code Temperature Energy 
(°F) (Ft-lb.) (°F) (Ft-lb.) 
Rll -170 2,0 S6 -105 4.0 
R2 -150 6.0 S2 -101 5.0 
Rl -125 14.0 SI - 94 7.0 
R6 -105 26.0 Sll - 88 22.0 
RIO - 88 30.0 S10 - 75 23.0 
R8 - 75 32.0 S9 - 50 46.0 
R9 - 50 57.0 S8 - 25 56.0 
R7 + 3 61.0 S7 + 3 65.0 
R3 + 32 63.0 S3 + 32 58.0 
R4 + 75 52 .0 S4 + 75 65.0 
R5 +212 56.0 S5 +212 68.0 
T6 -105 3.5 V6 -105 4.0 
T2 - 88 10.0 V10 - 75 3.0 
T10 - 75 7.0 V2 - 50 11.0 
Tl - 62 5,0 V9 - 50 4.0 
Til - 62 10.5 Vll - 37 5.0 
T9 - 50 23.0 V8 - 25 46.0 
T8 - 25 37.0 VI - 25 23.0 
T7 + 3 40.0 V7 + 3 45.0 
T3 + 32 51.0 V3 + 32 56,0 
T4 + 75 62,0 V4 + 75 58.0 
T5 +212 61.0 V5 +212 69.0 
58 
Table 9. Charpy Test Results, 
Cold Work-Hot Work Samples 
Code Temperature Energy Code Temperature Energy 
(°F) (Ft-lb.) (°F) (Ft-lb.) 
B7 -105 2.0 C6 - 50 2.0 
B8 - 25 4.5 C5 - 25 2.0 
BIO - 12 8.0 C7 + 3 4,0 
Bll 0 4.0 CI + 17 3.0 
B6 + 3 24.0 Cll + 25 6.0 
Bl + 17 20.0 C3 + 32 15,0 
B3 + 32 16.0 C2 + 55 17,0 
B9 + 55 22.0 C4 + 75 15.0 
B4 + 75 28.0 C10 + 87 27.5 
B2 +150 44.0 C9 +100 25.0 
B5 +212 38.0 C5 +212 25.0 
D9 - 50 2.0 E6 -105 2.0 
D8 - 25 3.0 E10 - 75 2.0 
D7 + 3 7.0 E9 - 50 2.0 
D6 + 32 11.0 E8 - 25 11.0 
Dl + 44 22.0 E2 - 12 8.0 
D2 + 55 23.0 Ell 0 16.0 
Dll + 65 26.0 E7 + 3 25.0 
D4 + 75 16.0 El + 17 24.0 
D10 +125 22.0 E3 + 32 24.0 
D5 +212 28.0 E4 + 75 30.0 
E5 +212 43.0 
F6 -105 2.0 G2 -150 2.0 
F10 - 75 2.0 Gl -125 10.0 
F9 - 50 4.0 Gil -115 14.0 
Fll - 37 8.5 G6 -105 24.0 
F8 - 25 22.0 G10 - 88 24.0 
Fl - 12 36.0 G8 - 75 38.0 
F2 - 12 29.0 G9 - 50 41.0 
F7 + 2 46.0 G7 + 2 65.0 
F3 + 32 50.0 G3 + 32 60.0 
F4 + 75 57.0 G4 + 75 66.0 
F5 +212 61.0 G5 +212 59.0 
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Table 9. Charpy Test Results, 
Cold Work-Hot Work Samples 
(Continued) 
Code Temperature Energy 
(°F) (Ft-lb.) 
H2 -150 2.0 
HI -125 7.0 
Hll -115 6.0 
H6 -105 32.0 
H10 - 88 35.0 
H8 - 75 28.0 
H9 - 50 47.0 
H7 + 3 73.0 
H3 + 32 66.0 
H4 + 75 72,0 
H5 +212 75.0 
J6 -105 3„0 
J2 - 88 2.0 
J10 - 75 7.5 
Jl - 62 4.0 
J9 - 50 35,0 
Jll - 37 18,0 
J8 - 25 28.0 
J7 + 3 37.0 
J3 + 32 48.0 
J4 + 75 53.0 
J5 +212 60.0 
Code Temperature Energy 
(°F) (Ft-lb.) 
16 -105 
111 - 88 
12 - 88 
110 - 75 
11 - 62 
19 - 50 
18 - 25 
1.7 + 3 
13 + 32 
14 + 75 
15 +212 
K6 -105 
K10 - 75 
K2 - 62 
K9 - 50 
Kll - 37 
K8 - 25 
Kl - 12 
K7 + 3 
K3 + 32 































A - 60 
L + 65 
M + 20 
N - 15 
0 - 20 
P -100 
R -129 
S - 87 
T - 60 
V - 37 




B + 22 
C + 55 
D + 40 
E - 2 
F - 30 
G -115 
H -105 
I - 80 
J - 42 
K - 37 
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Finish: Lng Brinnell 
Code Temperature Rockwe11 Rockwell 3000 Kp„ 
Op B C 10 mm Ball 
A Mill 85 158 
L 800 ___ 25 265 
M 950 100 19 235 
N 1100 98 16 225 
0 1250 95 ___ 205 
P 1400 91 _ „ _ 185 
R 1550 82 ___ 148 
S 1700 84 „ „ „ 155 
T 1850 85 ,_- 158 
V 2000 88 --•- 170 
Table 12. Hardness Test Results, 
Cold Work >Hot Work Sampli 2S 
Finishing Brinnell 
Code Temperature Rockwell Rockwell 3000 Kp„ 
°F B C 10 mm Ball 
B Cold Rolled 94 195 
C 800 ___ 25 265 
D 950 _ _ „ 23 245 
E 1100 ___ 17 215 
F 1250 90 ___ 185 
G 1400 89 _»_ 175 
H 1550 88 _«_ 170 
I 1700 84 ___ 155 
J 1850 86 ___ 160 
K 2000 88 ___ 170 
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Table 13, Optical Metallograph ic Results, 
Hot Work Sampl es 
Finishing Ferrite Mean i Ferrite 
Code Temperature Magnif i- Intercept d-* : Pearlite Orientation 
(°F) 
cation (d) 
(in x 10^) (in'%) % 
Factor 
% 
A Mill 200x 7.6 36.2 31.7 10 
A Mill 200x 8.0 35.3 29.4 15 
A Mill 200x 8.0 35.3 24.6 14 
A Mill 400x 5.2 43.6 34.5 5 
L 800 200x 7.5 36.6 23.4 46 
L 800 400x 6.0 40.7 31.3 42 
L 800 400x 5.5 42.7 28.6 44 
M 950 200x 9.4 32.5 21.8 39 
M 950 400x 6.2 40.3 28.2 42 
M 950 400x 6.1 40.4 26.2 44 
N 1100 200x 8.6 34.0 30.2 40 
N 1100 400x 5.8 41.4 29.4 42 
N 1100 400x 6.3 39.8 22.2 42 
0 1250 200x 7.6 36.3 30.6 50 
0 1250 400x 5.6 42.1 32.9 48 
0 1250 40 Ox 5.6 42.1 33.3 46 
p 1400 400x 3.2 56.2 24.6 22 
R 1550 400x 3.5 53.4 29.8 8 
R 1550 400x 3.2 56.2 30.6 19 
S 1700 200x 7.0 37.8 30.2 12 
S 1700 200x 7.2 37.1 33.7 13 
T 1850 200x 6.0 40.7 27.8 7 
T 1850 200x 6.3 39.9 31.7 9 
V 2000 200x 7.2 37.3 29.0 8 
V 2000 200x 6.6 38.9 30.2 12 
Table 14. Optical Metallographic Results, 
Cold Work-Hot Work Samples 
Finishing Ferrite Mean -J- Ferrite 
ide Temperature Magnifi-• Intercept d 2 Orientation 
(°F) 





B Cold Rolled 200x 8.0 35,3 26,2 29 
B Cold Rolled 200x 7.7 36,0 28.6 29 
C 800 200x 7.1 37,4 29.0 38 
C 800 200x 7.3 37,0 27,8 40 
D 950 200x 6.5 39.1 36,1 38 
D 950 40 Ox 5,3 43,6 30,9 43 
D 950 40 Ox 5.3 43.3 37,3 48 
E 1100 200x 7 = 1 37,5 35,7 32 
E 1100 200x 8.0 35,3 34,9 36 
F 1250 20 Ox 7.8 35,9 29,4 39 
F 1250 200x 8,4 34,5 29.4 43 
G 1400 400x 3.0 57,4 23,4 22 
G 1400 400x 3,2 55,8 23.8 21 
H 1550 400x 2.9 58.5 34.9 7 
H 1550 400x 3,2 55.8 33.3 19 
I 1700 20 Ox 6/7 38.7 35.3 12 
I 1700 40 Ox 4.5 46,9 34.5 13 
I 1700 400x 5.0 45,2 34.9 7 
J 1850 200x 7.9 35,6 29.4 4 
J 1850 200x 7,9 35.6 30,4 14 
K 2000 20 Ox 7.5 36.5 32,9 12 
K 2000 200x 7,4 36,9 36.1 16 
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CHAPTER V 
CONCLUSIONS AND DISCUSSIONS 
"Hot Work" Code Designation 
If calculated values of mechanical properties and the results 
of quantitative metallographic examinations are plotted against a 
significant variable, as the temperature at which the steel enters 
the rolling mill, then a number of conclusions become immediately 
apparent: 
1. There is a strong influence on values of yield 
strength when fabrication temperatures are 
decreased below the 1400=>1550°F range,, the yield 
strength values strongly increasing with decreas-
ing temperature at the mill,, as Figures 3 and 5 
show. 
2. Variations of yield strength values resulting from 
variations of fabrication temperatures, when the 
temperatures are above 1400-1550°F are reduced, 
as compared with Conclusion One above, as shown 
by Figures 3 and 5. 
3. The Hall-Petch equation appears to be applicable 
when fabrication temperatures are in excess of 
1400 Fs as indicated by Figure 4. The applicable 
formulation is 
o- = 393800 + 350d"^ (23) 
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4. Values of the strain hardening exponent n strongly 
decrease with decreasing fabrication temperatures 
below 1400°F (Figure 6). 
5. Values of the strength coefficient K strongly in-
crease with decreasing fabrication temperatures 
below 1250°F, as shown by Figure 7: in facts, there 
indeed may be a minimum for fabrication temperatures 
near 1250 F (Figure 8)„ 
6. Measures of ductility., as the percent elongation, 
strongly decrease at fabrication temperatures 
below 1400°F (Figures 9 and 10). 
7. There is a minimum of 15 foot pound ductile-brittle 
transition temperature3 as determined by V-noteh 
Charpy specimens3 associated with fabrication in the 
1400=1700°F range3 as shown by Figure 11. 
8. The orientation factor abruptly changes values when 
fabrication temperatures are lowered below 12.50°F3 
the values of the orientation factor being practi-
cally constant for higher fabrication temperatures, 
as shown by Figure 12. 
An inescapable conclusion is that abrupt changes of many proper-
ties result with A-441 steel when fabrication temperatures are dropped 
below 1400°F. In f acts for a structural steel such as A-441 the com-
bination of properties resulting from 1550 F fabrication are outstand-
ing -- ductility is at a maximum (Figures 9 and 10); measures of 
resistance to deformation are good,, yield and ultimate strength values 
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being in excess of those obtained for the production mill finished 
sample designated as A (Tables 23 4); the 15 foot pound Charpy ductile-
brittle transition temperature is outstanding,(Table 10), 
There must be a unique feature associated with fabrication near 
a temperature of 1550°F. This temperature would be near the expected 
austenite-ferrite transformation A„ line for the steel under consider-
ation , although the rapid cooling associated with mill entry would 
probably suppress the transformation temperature. It is concluded 
o 
that at about 1400=1550 F mill entry temperature fabrication is being 
accomplished which strengthens austenite; the fabrication is probably 
simultaneous with carbide,, nitride,, or carbonitride precipitation, 
Thus, high temperature thermomechanical treatment (HTTMT) with unusually 
rewarding effects have been accomplished. 
When fabrication is accomplished at temperatures below about 
1400°F there are large increases of the friction stress , explaining 
the departure from linearity shown by Figure 4 at the lower fabrication 
temperatures. This concept is completely consistent with behavior 
illustrated by Figures 39 5S 6, 7, and 8. At the lower temperatures 
the fabrication may be simultaneous with aging, resulting in the 
unusually high transformation temperatures shown by Figure 11. Cold 
work effects must persist after fabricating at temperatures approaching 
the A- line. 
A further study of microstructures verifies the conclusions and 
postulations made here, as a comparison of the 400x microstructures of 
samples T, R, P, and 0 shown by Figure 1.3 indicate. Values of pearlite 
mean intercept include the following for the four samples: T, 5.20 x 10 
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inch, R, 3.25 x 10"^ inch; P. 2.18 x 10"^ inch5 and 0S 5.08 x 10"^ inch. 
It is apparent that the pearlite has become more disperse in the ferrite 
matrix at the fabrication temperatures giving optimum combinations of 
properties. One expected result would be increased toughness and 
ductility, as shown by the "R" material. 
"Cold Work-Hot Work" Code Designation 
A comparison of the results shown by Figures 14 through 23, 
obtained with samples coded C, Ds E, Fa G, H, I, J, and K with the 
previously discussed results shown by Figures 3 and 13, obtained with 
the "hot work" samples coded L, M, N, 0, P, R, S, T, and V will show 
that there are, at the most, minimal differences between equivalent 
Figures. It must be concluded that the preliminary thermomechanical 
treatment (PTMT) as practiced here is ineffective. The effects of 
initial cold work, before the elevated temperature fabrication, are 
completely done away with, either in the furnace, through recrystal-
lization, or by a combination of thermal and processing effects. 
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Figure 3. Yield Strength and Ultimate Tensile Strength as 
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Figure 4. Applicability of Hall-Petch Equation for High 
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Figure 5„ Yield Strength and Ultimate Tensile Strength as 
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Figure 6„ Strain Hardening Exponent as a Function of 
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Figure 7'. Strength Coefficient as a Function of 
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Figure 8. Strength Coefficient as a Function of 
Fabrication Temperature, Hot Work Transverse 
Specimens 
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Figure 9„ Percent Elongation as a Function of 











800 1000 1200 1400 1600 
Finishing Temperature (°F) 
1800 2000 
Figure 10. Percent Elongation as a Function of 










800 1000 1200 1400 1600 1800 2000 
Finishing Temperature ( F) 
Figure 11, V-Notch Transition Temperature as a Function of 
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Figure 12. Ferrite Orientation Factor as a Function of 
Fabrication Temperature, Hot Work Specimens 
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(a) Specimen 0, Fabricated at 1250°F, 
Magnification 400x 
Figure 13. Photomicrographs, Hot Work Samples 
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(b) Specimen P, Fabricated at 1400°F, 
Magnification 400x 
Figure 13. Photomicrographs, Hot Work Samples (Continued) 
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(c) Specimen R, Fabricated at 1550 F, 
Magnification 400x 
Figure 13. Photomicrograph, Hot Work Samples (Continued) 
81 
(d) Specimen T, Fabricated at 1850°F, 
Magnification 400x 
Figure 13. Photomicrograph, Hot Work Samples (Continued) 
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Finishing Temperature ( F) 
Figure 14, Yield Strength and Ultimate Tensile Strength 
as Functions of Fabrication Temperature, 
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Figure 15. Applicability of Hall-Petch Equation for High 
Temperature Fabricated A-441, Cold Work-Hot Work 
Longitudinal Specimens 
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Figure 16. Yield Strength and Ultimate Tensile Strength as 
Functions of Fabrication Temperature, Cold Work-
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Figure 17. Strain Hardening Exponent as a Function of 
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Figure 18. Strength Coefficient as a Function of Fabrication 
Temperature, Cold Work-Hot Work Longitudinal 
Specimens 
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Figure 19. Strength Coefficient as a Function of Fabrication 
Temperature, Cold Work-Hot Work Transverse 
Specimens 
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Figure 20. Percent Elongation as a Function of Fabrication 
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Figure 21. Percent Elongation as a Function of Fabrication 
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Figure 22. V-Notch Transition Temperature as a Function of 
Fabrication Temperature, Cold Work-Hot Work 
Specimens 
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Figure 23. Ferrite Orientation Factor as a Function of 





As a result of this thesis there are now available a total of 
18 samples of A-441 which have received different thermomechanical 
treatments; there are also two control samples representative of mill 
finished and cold worked A=4419 respectively. Work which could be 
easily accomplished at the electron microscope, by a competent engineer 
or scientist, could greatly help the explanation of observed effects, 
particularly as regards precipitation and cold work effects. Further 
work having to do with the state of aging of the material fabricated 
o in the 800-1100 F range would also be expected to be rewarding. 
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